physiological functions of a cell. The expression of COX-2 is markedly induced by a number of stimuli, including cytokines, during the inflammatory response. 20 The dura mater may be damaged by trauma or it may be excised during intracranial surgery. Advances in surgical techniques and dura repair materials are critical to improve the lifetime and functionality of artificial dura mater materials. Inappropriate dural closure can lead to meningitis and many other life-threatening complications. 8, 14, 21 The optimal choice of a dura material for repair is unclear. Materials that inhibit inflammation and are transparent would be optimal dura material; however, no materials of this type have been described. Therefore, in this study, we prepared a novel transparent artificial dura mater made of silk fibroin and investigated its antiinflammatory effects in a rat model.
Methods

Preparation of the Transparent Artificial Dura Mater Material
The silk cocoons of Bombyx mori (Boeun Sericulture Farm) were boiled for 30 minutes in an aqueous solution of 0.02 M Na 2 CO 3 and rinsed thoroughly with water to remove the gluelike sericin proteins and leave behind only the silk fibroin proteins. The extracted silk fibroin was dissolved in a 9.3 M lithium bromide solution at 60°C for 4 hours. The solution was dialyzed in water for 48 hours using Slide-a-Lyzer dialysis cassettes (Pierce, MWCO 3500). The final concentration of the silk fibroin in aqueous solution was approximately 8 wt%. The artificial dura mater was prepared successfully by solvent casting.
Cell Culture and Cytotoxicity Tests
Astrocytes were cultured in DMEM containing 20 mM HEPES/NaOH (pH 7.4), 5 mM NaHCO 3 , 10% fetal bovine serum, and antibiotics (100 µg/ml streptomycin, 100 U/ml penicillin) at 37°C under the humidified conditions of 95% air and 5% CO 2 .
The cytotoxicity of the artificial dura mater material was assessed by measuring cell viability. Astrocytes were treated with the commonly used dura mater material, bovine collagen dura, or the silk fibroin artificial dura mater material (1 × 1 cm) for 12 hours. The cells were then seeded into 35-mm dishes at 70% confluence, and cell viability was estimated with a colorimetric assay using MTT staining.
Experimental Animals and Surgical Procedures
Sprague-Dawley rats obtained from the Experiment Animal Center at Hallym University were used as the rat model in this study. The animals were housed at a constant temperature (23°C) and relative humidity (60%) with a fixed 12-hour light/dark cycle and free access to food and water. Procedures involving animals and their care conformed to the guidelines of our institution, which are in compliance with current international laws and policies (NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23, 1985, revised 1996) , and were approved by the Hallym Medical Center Institutional Animal Care and Use Committee.
Sprague-Dawley rats weighing 200-250 g were placed under general anesthesia using a mixture of 2.5% isoflurane (Abbott Laboratories) in 33% oxygen and 67% nitrous oxide. After the rats were prepared and mounted on stereotactic frame, craniotomies were performed. The dura mater was incised as a round shape with 10 × 10-mm dimensions, and it was removed through the craniotomy site. A small piece of silk fibroin dura mater shaped to fit the craniotomy was placed over the exposed cortex with the edges of the dura mater placed beneath the margins of the opened dura mater.
Western Blot Analysis
Rats were killed after 2 weeks, and the new artificial dura mater materials in the rats were prepared for western blotting. Dura mater material run on a polyacrylamide gel was electrophoretically transferred to a nitrocellulose membrane. The membrane was blocked in 5% nonfat milk in Tris-buffered saline (TBS; 20 mM Tris, 0.2 M NaCl, pH 7.5) containing 0.05% TBST for 2 hours and was then incubated for 1 hour at room temperature with anti-COX-2 and iNOS antibodies (dilution 1:400, Santa Cruz Biotechnology ) in TBST. After washing, the membrane was incubated for 1 hour with a secondary antibody conjugated to horseradish peroxidase diluted 1:10,000 in TBST. The membrane was incubated with a chemiluminescent substrate and exposed to Hyperfilm ECL (Amersham).
Reverse Transcription Polymerase Chain Reaction Analysis
Total RNA was isolated from brain biopsies using a Trizol reagent kit (Invitrogen) according to the manu facturer's instructions. Ribonucleic acid (2 µg) was re verse-transcribed using 10,000 U of reverse transcriptase and 0.5 µg/µl of oligo-(dT) primer. Polymerase chain reaction amplification of complementary DNA aliquots was performed with the following sense and antisense primers: TNFα antisense, 5′-TGG-CACCACTAGTTGGTTGTCTTT-3′; TNFα sense, 5′-AAG TTCCCAAATGGCCTCCC-3′; IL-1β antisense, 5′-GTG CTGCCTAATGTCCCCTTGAATC-3'; IL-1β sense, 5′-TGCAGAGTTCCCCAACTGGTACATC-3′; IL-6 antisense, 5′-TGGATGGTCTTGGTCCTTAGCC-3′; IL-6 sense, 5′-CAAGAAAGACAAAGCCAGAGTCCTT-3′; and β-actin antisense, 5′-GGACAGTGAGGCCAGGAT-GG-3′; β-actin sense, 5′-AGTGTGACGTTGACATCC-GTAAAGA-3′. The PCRs were performed in 50-µl reaction volumes containing 10 mM Tris-HCl (pH 8.3), 25 mM MgCl 2 , 10 mM dNTPs, 100 U Taq DNA polymerase, and 0.1 µM of each primer and were terminated by heating at 72°C for 5 minutes. The PCR products were resolved on a 1% agarose gel and visualized with ultraviolet light after ethidium bromide staining.
Histological Examination
Rats were divided into 3 groups: sham-operated positive controls, those that received an artificial dura mater composed of bovine collagen, and those that received a silk fibroin-based artificial dura mater. Eight rats from each group underwent histological examination 2 weeks postoperatively. For this evaluation, rats were killed after induction of intraperitoneal sodium pentobarbital anesthesia. The rats were perfused with 4% paraformaldehyde in 0.1 M PBS pH 7.4. For histological analysis, the specimens were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at a thickness of 5 µm, and then stained with H & E. Stained tissue sections were examined to analyze the infiltration of inflammatory cells using standard bright-field optics (Zeiss, AXIOIMAGER M1).
Results
Preparation of Transparent Artificial Dura Mater Material
Because silk fibroin from the silkworm, Bombyx mori, shows excellent biological compatibility, it has been extensively studied as a biomaterial.
1,2,11,18,25 However, no previous studies have investigated the application of silk fibroin-based transparent dura mater. We therefore prepared and evaluated transparent artificial dura mater material using silk fibroin (Fig. 1) .
Cytotoxicity Tests
To determine whether the new artificial dura mater was cytotoxic to astrocytes, we tested the effects of the new artificial dura mater material on cell viability. As shown in Fig. 2 , when cells were exposed to PBS for 24 hours, 100% of the cells remained viable. The viability of cells treated with the silk fibroin-based artificial dura mater material and the commonly used dura mater material (bovine collagen) was not significantly different from that of the control for the 24-hour period. Thus, the silk fibroin-based dura mater material is not cytotoxic.
Effects of the Silk Fibroin-Based Artificial Dura Mater on Inflammation
We examined the effects of the new artificial dura mater material on the expression of COX-2 and iNOS, markers of inflammation. After craniotomy was performed, all operated rats recovered from the surgery without complications. Controls and operated rats showed no signs of intracranial infection, focal paresis, or seizures. The silk fibroin-based artificial dura mater inhibited COX-2 and iNOS expression levels based on western blotting and histological straining analyses. The iNOS expression levels were similar between dura mater-injured rats whose injury was repaired with bovine collagen dura and those whose injury was repaired with silk fibroin-based artificial dura mater. However, the silk fibroin-based artificial dura mater inhibited COX-2 expression levels more efficiently than the bovine collagen-based dura mater material (Fig. 3A) .
Under the same experimental conditions, the effects of the silk fibroin-based artificial dura mater material on inflammation were confirmed by H & E staining; representative results of the histological analyses of the inflammation are shown in Fig. 3B . Cell infiltration was marked in rats that underwent surgery compared with the bovine collagen dura -treated rats. The silk fibroin-based artificial dura mater also inhibited inflammation efficiently.
We next examined the effects of the silk fibroinbased artificial dura mater material on the mRNA expression levels of the proinflammatory cytokines IL-1β, IL-6, and TNFα by RT-PCR. As shown in Fig. 4 , cytokine levels in the rat brains increased markedly after surgery. However, cytokine mRNA expression levels were significantly decreased 2 weeks after surgery when the silk fibroin-based artificial dura substitute was used. These results demonstrate that the silk fibroin-based artificial dura mater material inhibited dura substitute-induced inflammation. Prevention of CSF leakage is one of the most important factors to consider when using an artificial dura mater. We therefore examined whether the silk fibroin-based artificial dura mater prevented CSF leakage after application. Although small rents were observed in the new artificial dura mater around the suture materials initially, they were securely closed 2 weeks later (Fig. 5) .
Discussion
Dura materials such as autologous fat, lyophilized dura, and synthetic materials have improved neurosurgical outcomes. 8, 14, 21 Most neurosurgical operations require opening of the dura mater to gain access to the brain or spinal cord. Replacement of the excised dura mater material with artificial dura material is commonly required because of brain swelling or because of removal of tumors derived from the meninges. In addition, inappropriate dural closure can lead to life-threatening complications. Therefore, the dura mater must be repaired carefully after craniotomy to prevent complications, and suitable dura materials are in great demand. An ideal dural repair material should satisfy the following criteria: it should be biocompatible, protect against inflammation, prevent CSF leakage and cortical adhesions, and be transparent. A transparent material allows neurosurgeons to monitor intracranial circumstances during the dural repair process. Although many artificial materials have been evaluated as dural repair substances, no dural repair materials have met all these criteria to date.
Silk derived from the silkworm, Bombyx mori, is a natural protein and has been extensively studied as a biomaterial. Silk proteins are currently used in a wide variety of medical applications. 7, 9, 16, 18, 22, 24 In an attempt to find a more suitable dural repair material, we prepared transparent artificial dura mater material using silk fibroin. As shown in Fig. 1 , the silk fibroin-based artificial dura mater that we prepared allows easy visualization of the brain during surgery without interfering with underlying tissue visibility, and therefore satisfies the criterion of transparency. Preul et al. 15 suggested that an ideal artificial dura mater should fulfill several conditions, including the inhibition of inflammatory reactions and being made of a nontoxic material. Thus, we examined astrocyte viability and inflammation in vitro and in vivo. The cell viability of astrocytes exposed to silk fibroin-based artificial dura mater material for 24 or 48 hours was not significantly different from that of control cells or those exposed to the commonly used dura mater material, bovine collagen. These results indicate that the silk fibroin-based artificial dura mater material is not toxic to cells.
It is well known that COX-2 and iNOS expression play critical roles in inflammatory diseases.
17 Expression of COX-2 is induced by a number of stimuli, including cytokines (IL-1β, IL-6, and TNFα), during the inflammatory response. 23 Nonsteroidal antiinflammatory drugs inhibit COX, leading to a marked decrease in prostaglandin synthesis and inflammation. 19 Thus, the inhibition of COX-2 and iNOS expression may constitute an effective new therapeutic strategy for the treatment of inflammation and the prevention of inflammatory diseases. To determine whether the silk fibroin-based artificial dura mater material could inhibit inflammation, we tested the effects of the new artificial dura mater material on COX-2 and iNOS expression levels in rat brains. When compared with the bovine collagen dura group after 2 weeks, rats that underwent dural repair with the silk fibroin-based artificial dura mater had reduced COX-2 expression levels according to western blot analysis. The iNOS expression was similar between the silk fibroin-based dura rat group and the bovine collagen dura rat group. Under the same experimental conditions, inflammation was further examined by histological staining. In the bovine collagen dura-treated rats, an inflammatory response was observed postoperatively, as expected. In contrast, use of the silk fibroin-based artificial dura mater to repair dura injury slightly inhibited inflammation compared with the bovine collagen dura-treated rats.
Proinflammatory cytokines (IL-1β, IL-6, and TNFα) are involved in inflammation. 13 We examined the effect of Fig. 3 . Effect of the new artificial dura mater on COX-2 and iNOS expression levels (A), and inflammation (B). Dura injuries of craniotomized rats were repaired using silk fibroin-based artificial dura mater material. Two weeks postoperatively, the dura mater was removed and analyzed by western blot analysis using anti-COX-2 and iNOS antibodies (A) and H & E staining (B). Lanes are as follows: 1, control; 2, bovine collagen dura; and 3, new artificial dura. Original magnification × 400. Fig. 4 . Inhibitory effects of the new artificial dura mater on proinflammatory cytokine levels. Dura injuries of craniotomized rats were repaired with silk fibroin-based artificial dura mater material. Total RNA was extracted from rat biopsies and the transcript levels of IL-1β, IL-6, TNFα, and β-actin were analyzed by RT-PCR using specific primers. the silk fibroin-based dura material on proinflammatory cytokine mRNA expression. Transcript levels of IL-1β, IL-6, and TNFα decreased markedly after substitution of the silk fibroin-based artificial dura mater for the real dura mater in craniotomized rats. These results indicate that the silk fibroin-based artificial dura mater inhibited inflammation in a dura repair rat model.
The silk protein fibroin is used in a wide variety of applications in medicine and is used as a suture material during surgery. We therefore examined the tensile strength and elongation-at-break of the new artificial dura mater material. The tensile strength of the silk fibroinbased artificial fibroin dura mater was 65.6 ± 7.1 MPa and its elongation-at-break was 7.0% ± 0.6%. The tensile strength and elongation-at-break values of the new artificial dura material are similar to those reported for various other medical biomaterials made of silk proteins. The high tensile strength of the artificial dura mater material allowed us to suture it easily to the rats' dura mater without tearing.
Among the complications associated with cranial surgery, CSF leakage is one of the most dangerous. However, tears in the dura mater are unavoidable during neurosurgical procedures. Several studies have suggested that watertight dura closure can prevent CSF leakage and complications including meningitis. [4] [5] [6] Tears in the silk fibroin-based artificial dura mater were completely closed after 2 weeks. These results indicate that dural repair using the silk fibroin-based artificial dura mater can prevent CSF leakage and thereby reduce serious complications.
To avoid preexisting complications, we prepared transparent artificial dura mater material to allow easy visualization during surgery without interference with the underlying tissues. Although further studies of the longterm effects of this silk fibroin-based dura mater material need to be performed in larger mammals to validate our results, our data indicate that the silk fibroin-based artificial dura mater described in this study may have clinical potential.
Conclusions
In the present study, we prepared a transparent, silk fibroin-based artificial dura mater for the first time. This transparent artificial dura mater material was found to be safe for application in neurosurgical procedures and inhibited inflammation effectively without any side effects. Although it is necessary to determine the long-term effects of this material in larger animals, our data suggest that this transparent artificial dura mater is a clinical material with huge neurosurgical application potential.
